Abstract. The renin angiotensin system (RAS) plays a major role in liver fibrosis. A novel homologue of angiotensin converting enzyme, ACE2, was identified as a negative regulator of RAS as it degrades Ang II to Ang1-7. We investigated in vivo the expression of ACE2 in liver fibrosis. We evaluated the relationship between biochemical variables and liver tissue expression of ACE2, the correlation between a histological assessment of liver fibrosis and liver tissue expression of ACE2. Male SD rats were randomly divided into a CCL4 group which received injections of CCL4 and the control group which received injections of olive oil. Liver pathology was examined by H&E and Sirius red staining, and real-time PCR was performed to determine the gene expression levels of ACE2 and ACE. Real-time PCR analysis revealed that ACE2 mRNA was higher at the two-, four-, and six-week time points, respectively (p<0.01). Similarly, hepatic ACE mRNA was significantly increased after CCL4 injection. There was a significant correlation between ACE and ACE2 gene expression (r=0.750, P<0.001). ACE2 gene expression strongly correlated with ALT (r=0.669, P<0.0001) and AST levels (r=0.815, P<0.0001). There was a significant correlation between circulating ACE2 and histological scores of liver fibrosis. ACE2 and ACE gene expression correlated with the ISHAK score (r=0.850, P<0.001; r=0.806, P<0.001). There was a significant relationship between ACE2 gene expression and the degree of liver fibrosis. ACE2 plays a crucial role in liver fibrogenesis.
Introduction
Liver fibrosis is a consequence of chronic liver injury of any etiology. The renin-angiotensin system (RAS) plays a major role in liver fibrosis. Angiotensin converting enzyme (ACE), a dipeptidyl carboxypeptidase, is a key enzyme in RAS as it converts Ang I to the potent vasoconstrictor Angiotensin II (Ang II). Ang II mediates key biological actions involved in hepatic tissue repair, including myofibroblast proliferation, infiltration of inflammatory cells, and collagen synthesis (1) (2) (3) (4) . Importantly, blockage of RAS attenuates fibrosis development in different experimental models of chronic liver injury (5) (6) (7) (8) (9) .
ACE2 is a recently identified homologue of ACE, which, unlike ACE, has only one active enzymatic site. It also degrades Ang II to Ang1-7 and cleaves a single residue from Ang I to generate Ang1-9 (10). Ang1-9 has no known effects, but is converted to Ang1-7 by ACE (11) . There is evidence that Ang1-7 modulates the effects of RAS activation through several mechanisms, including inhibition of ACE, blockage of the AT1 receptor, and a direct effect on vascular tone (12) . Thus, ACE2 plays an important counterregulatory role to RAS. In experimental models of hypertension and diabetes, renal expression of this enzyme is reduced, which contributes to Ang II-mediated tissue injury (13, 14) . ACE2 is also a functional receptor for the severe acute respiratory syndrome (SARS) coronavirus; therefore, it facilitates the infection of target cells (15, 16) .
Paizis et al (17) recently reported that hepatic ACE2 expression is upregulated in cirrhotic human livers and in a rat BDL model. However, it is still unclear if these patterns of upregulation for ACE and ACE2 are specific to the BDL model. We suggest that expression of RAS in other models of experimental hepatic fibrosis warrants further investigation. The mechanism whereby the mRNA levels of ACE and ACE2 are sequentially modulated during hepatic fibrogenesis remains to be elucidated. In the current study, we aimed to examine expression of ACE and ACE2 in liver fibrosis induced by CCL4. Specifically, we evaluated the relationship between biochemical variables and liver tissue expression of ACE2, the association of histological assessment for liver fibrosis with liver tissue expression of ACE2, and the correlation between ACE and ACE2 gene expression.
Materials and methods
Animal model of liver fibrosis. Male Sprague-Dawly (SD) rats weighing 230-250 g were purchased from the Center of Animal Laboratory (SIBS, CAS) and maintained in a room at 23±2˚C with a 12 h light-dark cycle. The rats were randomly divided into two groups, the control group and experimental group (n=8 in each group). The experimental group received intraperitoneal injections of CCL4 (2 ml/kg) dissolved in olive oil (2:3 ratio) every three days for six consecutive weeks. The control group received intraperitoneal injections of olive oil (2 ml/kg) every three days for six consecutive weeks. All procedures were approved by the Investigation and Ethics Committee and the Institutional Animal Care and Use Committee of Shanghai Jiaotong University School of Medicine.
Experimental protocol
Blood processing. Blood samples were obtained from the abdominal aorta. Serum was collected from the blood sample by immediate centrifugation at 4,000 x g for 10 min at 4˚C, and the serum was stored at -70˚C. One set of sera was collected in tubes for measuring liver function. The second set of blood samples (supplemented with endopeptidase inhibitor 1-2 TIU/ml) was used to examine ACE2 levels.
Biochemical analysis. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin (TB), total protein (TP) and albumin (ALB) levels were measured by an autoanalyser (Beckman Instruments, Fullerton, CA, USA). Serum ACE2 levels were measured with an enzyme-linked immunosorbent assay (ELISA). The ACE2 antibody (sc-17720) was purchased from Santa Cruz (Santa Cruz, CA, USA).
Histological analysis. For histological analysis, sagittal liver sections were fixed with 4% buffered paraformaldehyde and embedded in paraffin. Sections of 2 μm thickness were prepared and evaluated for liver fibrosis by H&E and Sirius red staining. The degree of fibrosis was measured by semiquantitative scoring, as described by Ishak et al (18) . Table I . Primer sequences used for real-time PCR analysis. 
Quantitative real-time polymerase chain reaction (QPCR)
analysis. Liver RNA expression levels for the genes reported in this study were quantified by real-time PCR. In brief, liver samples from a rat were snap-frozen in liquid nitrogen, and RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA (1 μg) was reversetranscribed, and RNA expression levels were quantified by real-time PCR using a sequence detection system (Prism 7500; Applied Biosystems Inc., Foster City, CA, USA), as described previously. GAPDH served as the endogenous control. Primers for the reported genes are indicated in Table I . In order to calculate differences in the expression level of each target gene, the ΔΔCT method for relative quantification was used according to the manufacturer's manual. The average expression level of the normal control samples were defined as one.
Western blot analysis. Liver tissue samples for Western blotting were homogenized in RIPA buffer (20 mM Tris pH 7.4, 2.5 mM EDTA, 1% Triton X-100, 10% glycerol, 1% deoxycholic acid, 0.1% SDS, 1 mM PMSF, 10 ng/ml aprotinin). Protein (60 μg) was run by SDS-PAGE on a 10% gel, and the separated proteins transferred to nitrocellulose membranes. The blots were incubated in blocking buffer TBS-T (5% nonfat milk, 0.1% Tween-20, in TBS) for 1 h at room temperature. The primary antibodies were then incubated overnight, and were washed 3 times for 10 min in TBS (containing 0.1% Tween-20). Membranes were incubated with a 1:2000 dilution of donkey anti-goat-HRP (Amersham Biosciences) in TBS with 0.1% Tween-20, 5% nonfat milk for 1 h, followed by washing as above and detection using the ECL Plus kit (Amersham Biosciences).
Results

Biochemistry and histological findings following CCL4
induction. Histological analysis showed either slight fibrosis (week 2) or extensive fibrosis (weeks 4 and 6) in the liver parenchyma following injection of CCL4 (Fig. 1) . Serum AST, ALT, and bilirubin levels were significantly elevated in CCL4 group, compared with control group, (P<0.01 to P<0.05, Table II) .
Changes in ACE2 and ACE gene expression in liver tissue.
Injection of CCL4 resulted in significant changes in hepatic ACE2 gene expression, which progressively increased at weeks 2, 4, and 6 compared with control group. ACE2 expression increased in experimental group at weeks 2, 4, and 6 post-treatment to levels that were 3.08-, 3.57-, and 6.5-fold higher than controls, respectively (P=0.008, P=0.001, P<0.001). Similarly, hepatic ACE gene expression was significantly increased after injection of CCL4. Hepatic ACE gene expression was 3.93-fold higher after two weeks (P=0.002), and by Table II . Liver function following injection of CCL4 in rats. ---------------------------------------------------------------------------------------------------- -
, it had increased 6.23-fold compared with control group (P<0.001, Fig. 2 ).
Western blot analysis of ACE2 protein expression.
Western blot analysis of ACE2 protein levels in the whole liver homogenates confirmed the measures of ACE2 mRNA levels. As in rat liver, ACE2 protein was detectable at very low levels in healthy livers. However, the ACE2 protein was induced after CCL4 injection and levels of this protein gradually increased.
ACE2 protein expression levels were significantly higher at weeks 2, 4, and 6 compared to week 0 (Fig. 3) .
Relationship between ACE and ACE2 gene expression. We evaluated a potential correlation between ACE and ACE2 gene expression. This relationship is thought to be of interest because the two proteins have opposite effects on the generation of Ang II. Our data indicate that there is a significant correlation between ACE and ACE2 gene expression (r=0.750, P<0.001, Fig. 4 ).
Biochemical variables and ACE or ACE2 gene expression.
We assessed the relationship between biochemical variables and the gene expression of ACE or ACE2 in liver tissue. ACE2 gene expression strongly correlated with ALT (r=0.669, P<0.0001) and AST levels (r=0.815, P<0.0001, Fig. 5 ). ACE had a moderate and statistically significant correlation with AST (r=0.475, P=0.006) and ALT (r=0.615, P<0.01, Fig. 6 ). However, TP showed no significant correlation with ACE2 or ACE gene expression (r=-0.088, P=0.632; r=0.138, P=0.452). Moreover, we evaluated the relationship between ACE2 (and ACE) gene expression and the histological assessment of liver fibrosis. Our findings suggest that ACE2 and ACE gene expression correlated with the ISHAK score (r=0.850, P<0.001; r=0.806, P<0.001, Fig. 7) .
Circulating ACE2 level.
The level of circulating ACE2 in the control group was 0.334±0.113 (ng/ml). Following injection of CCL4 its levels significantly and progressively increased at weeks 2, 4, and 6 (0.564±0.332, 0.816±0.338, 0.934±0.462) compared with control group (P=0.006). There was a significant correlation between circulating ACE2 and liver fibrosis histological scores (r=0.549, P=0.001, Fig. 8 ).
Discussion
A number of studies have provided evidence that RAS contributes to the pathogenesis of chronic liver disease. There is marked upregulation of intrahepatic RAS components in experimental injury, and RAS inhibitors were shown to reduce hepatic fibrosis in several animal models (19) (20) (21) . Angiotensin converting enzyme (ACE), a dipeptidyl carboxypeptidase, is a key enzyme in RAS and converts Ang I to the potent vaso-constrictor Ang II. Recent discoveries identified ACE2 as an important enzyme that degrades Ang II and in turn generates Ang1-7, which, by binding the G protein-coupled receptor Mas, acts as the main counterregulator of the traditional ACE-angiotensin II axis (22) . Ang1-7 was proposed to be the effector peptide that counterrbalances the deleterious actions of Ang II.
In vivo, ACE2 is predominantly expressed in the heart, kidneys, and testes. It is also present at a lower level in a wide variety of tissues, particularly the colon and lung (23, 24) . Expression of ACE2 in normal human liver tissue is low (23, 25) . Studies have shown that expression of ACE and ACE2 increased as rats developed advanced fibrosis. This finding is consistent with a previous study reported by Paizis et al (20) . However, the work did not evaluate the relationship between ACE and ACE2 gene expression. The present study identified a close relationship between ACE and ACE2 mRNA levels in liver tissues. We consider this finding very important for elucidation of the mechanisms of interplay between ACE and ACE2 and for establishing the role of ACE2 as a counterregulator of ACE. Thus, we determined whether there was a correlation between the pathological grade of liver fibrosis and ACE2 mRNA levels in the liver. Our study shows that there is a significant relationship between the pathological grade of liver fibrosis and ACE2 mRNA levels in the liver. Furthermore, the level of hepatic ACE2 expression increased as liver fibrosis progressed.
ACE removes two carboxy-terminal amino acids from Ang I, giving rise to Ang II. Bataller et al (4) reported that systemic infusion of Ang II augments hepatic fibrosis and promotes inflammation, oxidative stress, and thrombogenic events in BDL rats. Furthermore, blockade of RAS by ACE inhibitors or angiotensin type 1 receptor antagonists significantly attenuates liver fibrosis (6, 19, (26) (27) (28) (29) . In vitro, ACE2 degrades Ang II, generating Ang1-7. This pathway was also confirmed to exist in vivo (30) . Ang1-7 is an endogenous ligand for the G-protein coupled receptor Mas, and the receptor appears to mediate most of the biological actions of Ang1-7 (31) . Infusion of the selective Mas receptor antagonist, A-779, aggravated liver fibrosis, including a significant elevation in levels of tissue collagen and total TGFß1. These data suggest that Ang1-7 plays a protective role in hepatic liver fibrosis (32) . The elevated activity of ACE2 during hepatic injury promotes Ang1-7 synthesis, which counterbalances the generation and multiple deleterious effects of Ang II. As ACE2 is capable of simultaneously degrading Ang II and generating Ang1-7, it clearly holds a central role in RAS. Studies have shown that systemic lentiviral delivery of ACE2 gene protects spontaneously hypertensive rats from Ang II-induced cardiac hypertrophy, cardiac fibrosis (33) , and perivascular fibrosis (34) . These studies suggest that ACE2 expression is a compensatory response to various insults in tissues. A cellular increase in ACE2 expression is regarded as a tissue-protective mechanism.
Moreover, the relationship between biochemical variables and the expression of ACE2 (or ACE) remains unclear. We first assessed the association between biochemical variables and the gene expression of ACE2 (or ACE) in liver tissue fibrosis. In the current study, the significant correlation between ALT level and expression of both genes were observed. Similar results were found in AST. There was no significant relationship between ACE2 gene expression in liver tissue and TBIL, TP, or ALB. The correlations between expression of ACE/ACE2 in the liver and liver function imply that the expression of RAS-related genes in the liver is related to the degree of liver damage. In fact, liver fibrosis is essentially a reparative response to liver injury and is the final pathological characteristic following various hepatic insults. This finding indirectly supports the hypothesis that ACE2 plays an important role in liver fibrogenesis.
ACE2 is a transmembrane protein that is shedded by the proteinase ADAM 17 to release free, circulating ACE2 (35) . A role for circulating ACE2 is not yet identified. Our study demonstrated that there is a significant relationship between circulating ACE2 and the pathological grade of liver fibrosis.
There is a lack of useful serum markers for fibrosis in clinical practice. The results of this study imply that circulating ACE2 is a promising, non-invasive marker of liver fibrosis. The physiological implications and the possible clinical application of this marker require further study.
In conclusion, the mRNA levels of ACE and ACE2 were assessed to determine their relationship with biochemical characteristics of the liver. A significant association was observed between the expression of ACE and ACE2 in the liver. ACE2 and ACE gene expression also correlate significantly with the pathological grade of liver fibrosis. These findings suggest that, in addition to ACE, ACE2 is a newly emerging component of RAS that is likely to play an important role in maintaining a balanced status of local RAS activity. Thus, ACE2 exerts pivotal effects on liver fibrosis. In the future, development of specific modulators of ACE2 activity and function or an ACE2 inhibitor (36) would enable us to better understand the role of ACE2 in the pathophysiology of liver fibrosis.
